Optical gain removes absorption and increases resolution in a near-field lens 
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A recent paper showed how to construct a lens that focuses near field radiation and hence pro- 
duce resolution unlimited by wavelength. The prescription requires lossless materials with negative 
refractive index: finite loss cuts off the finer details of the image. In this paper we suggest compen- 
sating for losses by introducing optical gain media into the lens design. Calculations demonstrate a 
dramatic improvement in performance for a silver/gain composite medium at optical frequencies. 
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There are two sorts of electromagnetic radiation: near 
field and far field. The latter propagate as plane waves 
with a real wave vector, the former has an imaginary 
wave vector resulting in exponential decay and therefore 
is confined to the vicinity of the source. Conventional 
lenses act only on the far field: focussing the near field 
requires amplification. Unfortunately for imaging pur- 
poses the finer details of an object are contained in the 
near field. Recently it was shown how a 'perfect lens' 
could be designed in which both the near and far fields 
could be persuaded to contribute to an image. This per- 
fect lens essentially amplifies the near field through a 
series of surface plasmon resonances. In a lossless system 
this process of amplification requires no energy input, 
other than that from the source, but in the presence of 
losses the performance of the lens rapidly degrades as 
the quality factor of the resonances deteriorates. Losses 
are the ultimate limiting factor for resolution and even 
a highly conducting metal such as silver has restricted 
performance as a near-field lens material. In this letter 
we explore the possibility of compensating for the losses 
in silver by constructing a composite material consisting 
of alternate slices of silver and an optical gain material. 
Our conclusions are that considerable improvement in 
performance is possible by this means. 

The electromagnetic field in the 2-D object (x-y) plane 
can be conveniently decomposed into the Fourier compo- 
nents k x and k y and polarization defined by a: 

E(x,y,z;t) = ^ E(k x ,k y ,k z )x 

x exp[i(k x x + k y y + k z z — u>t)], (1) 

where the source is assumed to be monochromatic at fre- 
quency oj, k 2 + k^ + k\ = uj 2 /c 2 and c is the speed of 
light in free space. Obviously when we move out of the 
object plane, the phase of the propagating radiative com- 
ponents (real k z for k 2 + k 2 < lu 2 /c 2 ) and the amplitude 
of the non-propagating evanescent components (imagi- 
nary k z for k 2 + k 2 > uj 2 /c 2 ) change, and the image 
gets blurred. The 'perfect lens ' suggested by fjj] is just 
a slab of negative refractive material(NRM), where both 
the dielectric permittivity (e) and the magnetic perme- 
ability (/i) are negative simultaneously (n = —yfeji in 



this case). In 1968, Veselago Q had pointed out that 
such a slab would act as a lens in that it would refocus 
the rays from a point source on one side to a point im- 
age on the other side due to a modified Snell's law for 
negative refractive media. But the fact that the slab also 
acts on the evanescent near-field modes was not realised 
until recently. The perfect lens performs the dual func- 
tion of correcting the phase of the radiative components 
as well as amplifying the near-field components bringing 
them both together to make a perfect image and thereby 
eliminating the diffraction limit on the image resolution. 

In general the conditions under which this perfect 
imaging occurs are : 



(2) 



where £_ and /i_ are the dielectric permittivity and mag- 
netic permeability of the NRM slab, and e+ and /x+ are 
the dielectric permittivity and magnetic permeability of 
the surrounding medium respectively. Under these con- 
ditions the transmission coefficient of the slab is exactly 
cxp(— ik z d), where d is the thickness of the slab. We 
have earlier pointed out that these are precisely the con- 
ditions for the existence of surface plasmon modes at 
the surface jj], || and that it is sufficient to meet these 
conditions at any one interface to enable the amplifica- 
tion of evanescence in the slab ||. Although Veselago's 
early study of negative refraction was entirely specula- 
tive, the topic has become important as the media with 
negative refraction at microwave frequencies can now be 
physically realised pi pL | M. The physics of negative 
refractive index has now caught the imagination of the 
physics community as evidenced by the recent publica- 
tions § 0, || g [l§ 

As it is difficult to obtain negative permeable me- 
dia at optical frequencies, it was suggested in the orig- 
inal letter ]lj that metals (such as silver) with negative 
permittivity alone could be good lens materials for p- 
polarizcd light. Particularly in the near field limit, where 
k 2 + k 2 ^> uj 2 /c 2 , the electric and magnetic fields are in- 
dependent of one another, if we confine our attentions 
to electric fields we have a simplified requirement for the 
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function of the lens, 

e_ = -£+, (3) 

with the magnetic permeability now becoming irrelevant. 
The performance of a silver lens is, however, limited by 
losses and the positive magnetic permeability. Their ef- 
fects can be reduced by redesigning the lens as a mul- 
tilayer stack of very thin alternating layers of metal (or 
NRM) and positive dielectric medium, and obtain good 
sub- wavelength image resolution [jl2[ Q. This system 
has the disadvantage that the object and image planes 
are very close to the edges of the stack, but can be used 
to transfer the image from one point to another in the 
manner of a 'fibre-optic bundle'. However even in this 
system losses eventually limit the resolution. In equation 
(||) above we see the possibility that if £_ is lossy, i.e. 

Im(e_) > 0, (4) 

then the condition may still be satisfied provided that 

Im(e+) < 0. (5) 

In other words we need a medium which exhibits gain. 
We explore the possibility of using optical amplifica- 
tion/gain in the positive dielectric medium to coherently 
compensate for the absorption in the negative dielectric 
medium. This enables the design of a 'fibre-optic bun- 
dle' which consists of a multilayer stack of alternating 
thin layers of lossy metal (silver) and an amplifying pos- 
itive dielectric medium (an optically pumped semicon- 
ductor, for example) to transfer images with good sub- 
wavelength resolution across large stack thicknesses (of 
the order of a few wavelengths). Such a fibre-optic probe 
has the novel property of acting on the near-field evanes- 
cent components as well as the radiative components of 
a source. 

We approach this by considering the perfect-lens con- 
dition on the dielectric permittivity in Eq. (|^). Now 
the dielectric permittivity of a causal negative dielectric 
medium would both disperse with frequency and also be 
dissipative. The dissipation which shows up as an imagi- 
nary part of the dielectric constant represents a deviation 
from the perfect lens condition, and limits the image res- 
olution. To satisfy the perfect lens conditions in both the 
real and the imaginary parts, we would require 

e+ = e + — ie + , E- = — e + + ie + . (6) 

In other words, the positive medium should be optically 
amplifying (as in a laser gain medium) in order to counter 
the effects of absorption in the negative medium. Then 
the perfect lens conditions would be 'perfectly' met and 
the perfect image would result, at least in the quasi-static 
limit. Now the surface states at the interface between the 
dissipative metal and an amplifying positive dielectric 
displays a very interesting behaviour. There is a net flux 
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FIG. 1: Schematic of the layered structure considered here. 
The positive amplifying and negative dissipative dielectric 
layers are assumed to be of equal thickness S/2. The ob- 
ject and image planes are on either side of the stack at a 
distance of 8/4 from the edges. The total length of the systen 
is 2d — NS where N is the number of layers with negative 
dielectric constant. 



of energy across the interface - from the positive ampli- 
fying medium into the absorbing negative medium. This 
is in contrast to the lossless (and gainless) system, where 
there is no net flux of energy normal to the interface and 
the fields are purely evanescent. We should also note 
that such a cancellation of absorption in one location by 
generation in another is possible only because both ab- 
sorption and amplification do not cause dephasing of the 
wave -a consequence due to the bosonic nature of light 
that permits stimulated absorption and stimulated emis- 
sion. 

Now let us consider the layered system shown in Fig. 
([!]) , but with the gain included in the positive medium so 
as to exactly counter the effects of absorption in the neg- 
ative medium. This can, for example, be accomplished 
by using a semiconductor laser material such as GaN or 
AlGaAs for the positive medium and silver for the nega- 
tive medium. Using blue/ultra- violet (UV) light to pump 
the AlGaAs, (silver being transparent to the UV light), 
one can make the AlGaAs now optically amplifying in 
the red region of the spectrum, where one can satisfy 
the perfect lens condition for the real parts of the di- 
electric constant. By adjusting the pump laser intensity, 
the imaginary part of the positive gain medium can be 
tuned. The imaging can now be carried out in the red. 
Of course, it would be possible to use other materials and 
correspondingly different wavelengths of light. Alterna- 
tively one could also use other high gain processes such 
as Raman gain for this purpose. 

We show the transmission coefficient, calculated using 
the transfer matrix method fT^], for this layered medium 
with gain in Fig. (Q). Our numerical calculations are 
exact and are not carried out in the near-field approxi- 
mation. The transmission is large and comparatively flat 
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FIG. 2: The transmission coefficient for a layered stack of 
positive and negative dielectric layers when the positive media 
are optically amplifying. The thicknesses of the positive and 
the negative dielectric layers are 8/2 — lOnm. 



(compared to the lossy passive case), almost up to the 
point (k x ) where the transmission resonances for the cor- 
responding lossless system occurs j|| and the trans- 
mission begins to decay exponentially. It is almost as if 
the effects of absorption have been cancelled out. Fur- 
ther, it is almost independent of the total length of the 
stack. However, it does not result in an exact cancellation 
and this can be seen from the fact that the transmission 
resonances of a completely lossless (and gainless) system 
are not restored. One can see some remnants of these 
resonances for the case when e_ = — 1 + iO.l, and even 
lesser for the more absorptive (realistic for silver) case of 
S- = — 1 +i0A. But it is clear that the image resolution 
will be improved vastly and to an almost similar extent 
in both cases, regardless of the levels of absorption/gain, 
provided the gain is large enough to compensate for the 
absorption. Thus with amplification included, the dele- 
terious aspect of absorption, that it limits resolution, is 
cancelled out while the desirable aspect, that it softens 
the transmission resonances by preventing divergences, 
is retained. Only the transmission resonance close to 
ko is relatively undamped. In Fig. (^), the transmission 
across a multilayer stack of 600 nm thickness is shown 
(the individual layers are of lOnm thickness). We see that 
the transmission reduces only to 0.1 at k x /ko ~ 20 for 
£- = — 1 + iOA and an image with a resolution of about 
A/20 can, in principle, be transferred across the distance 
of the order of A (the wavelength of light). Note that 
the resolution can be marginally larger when the small 
transmission tail beyond is considered. The case when 
a high index dielectric such as AlGaAs is used and the 
wavelength is tuned to match the perfect lens conditions 
e± = ±12=Fi0.4, (A ~ 578 nm for silver), is also shown in 



FIG. 3: Top panels: The transmission function (left) and the 
electromagnetic field intensity at the image plane (right) ob- 
tained (a) with a single slab of silver of 40 nm thickness, (b) 
When the slab is split into 8 thin layers of 8/2 — 5nm thick- 
nesses (c) Layered silver-dielectric stack with optical gain and 
8/2 — 5nm and (d) Layered silver-dielectric stack with optical 
gain and 8/2 — 10 nm. e± = ±1 =F *0.4 in (c) and (d). Bot- 
tom panels: For a layered stack of large total thickness with 
optical gain(e± = ±1^0.4) and 8/2 — lOnm for 2d — 600nm, 
900nm and 1200nm. The dotted lines show the position of 
the slit in the object plane 



Fig. (§). Although it appears from the graph that the de- 
gree of sub-wavelength resolution is larger, using a large 
dielectric constant would give slightly lower absolute res- 
olution as the wavelength is larger. We should also note 
that making the layers thinner would improve the reso- 
lution even further, and we have been quite conservative 
in our choice of the layer thickness. 

We show in Fig. (||), the transmission as a function 
of the parallel wave vector and the images obtained by 
such layered media with optical gain. The object con- 
sists of two slits of 20 nm width which are separated by 
80 nm peak-to-peak distance. In the top panel we show 
the images for the case when the distance between the 
object plane to the image plane is 2d = 80 nm. For com- 
parision, we also show the case of the original single slab 
of silver as the lens (solid line and 5/2 = 40 nm) and a 
layered but gainless system. The two peaks in the image 
for the single slab can hardly be resolved, while they are 
clearly resolved in the case of the layered system with no 
gain. The improvement in the image resolution for the 
layered system with gain over the corresponding gainless 
systems is obvious with the sharp edges of the slits be- 
coming visible. In the bottom panel we show the images 
formed by layered media with gain but with very large 
total thicknesses of the order of few wavelengths (2d = 
600nm, 900nm and 1200nm). For a lossy passive system, 
in comparision, almost nothing would be visible at such 
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large distances from the source. In the case of the lay- 
ered system with gain, although the slits in the image 
are well resolved, there are extra background structures 
that show up in the image corresponding to the larger 
transmission at smaller k x . There is overcompensation 
in the lens for (subwavelength) wave vectors in the range 
(fco < k x < lOfco) due to the band of transmission reso- 
nances that are relatively undamped near ko, and hence, 
the transmission function is not constant with the wave- 
vector. This overcompensated amplification also results 
in the large image intensity. We note that the effect of 
these resonances reduces for much larger thicknesses and 
the transmission function is actually more constant for 
thicker stacks. Although waves with very large wave 
vectors also get effectively amplified even for large stack 
thicknesses, the transmission resonances do not allow a 
clean image to be produced. We note, however, that since 
the high spatial frequency components are transferred 
across, knowledge of the transmission function of the lens 
would enable one to recover a clean image from the ob- 
served image. Alternatively, structuring the silver slabs 
in the transverse direction will create plasmonic band- 
structures and one can engineer these band-structures 
to inhibit the transmission resonances close to k$. The 
transmission functions suggest that an image resolution 
of almost A/25 could easily be achieved with these sys- 
tems. 

As a note of caution, we note that in the presence of 
intense field enhancements that are expected in this sys- 
tem the gain is likely to get saturated. The largest field 
enhancements will be for the largest transverse wave- 
vectors. If we make the layers very thin, the local field 
enhancements will not be as intense and the gain might 
not get completely bleached. In general, however, we do 
expect that the effective gain will be somewhat reduced 
and the corresponding enhancements of the image reso- 
lution will be smaller. Another point of concern is that 
the system with gain could become unstable and undergo 
self-sustaining oscillations in the transverse direction due 
to spontaneous symmetry breaking. The layers would 
now just act as wave guides. This would bleach the sys- 
tem of all gain and the whole effect could be lost. It is 
clear that such effects will be minimized for a system with 
very thin layers. We are analyzing these effects which are 
beyond the scope of this paper and those results will be 
presented elsewhere. 

In conclusion, we have shown that a multilayer stack 



of thin alternating layers of silver and a positive ampli- 
fying dielectric medium with optical gain/amplification 
can transport evanescent waves with very little attenua- 
tion even over large stack thicknesses. This novel optical 
fibre bundle can thus act on the evanescent near-field of 
a radiating source and images with high sub- wavelength 
resolution can be transferred across. The potential ap- 
plications are immense and range from nanoscale lithog- 
raphy to near-field optical imaging and data storage. 
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